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Abstract: Low-toxicity single crystal SnS nanowires had been successfully synthesized by the catalyst-
assistant chemical vapor deposition. Au nanoparticles were applied on the ITO surface as the catalysis, using
SnS powder and S powder as forerunners. The structure, morphology and optical properties of the prepared SnS
nanowires were characterized. The experimental results show the as-synthesized nanowires are single crystalline
with a preferential orientation. The synthesized SnS nanowires show strong absorption in the visible and near-
infrared spectral region, and the direct energy band gap of SnS nanowires is 1.46 eV.
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Introduction
In the last several years, as one of the most impor-
tant candidate materials for the solar cell, SnS has at-
tracted much attention and recognition [1-8]. Firstly,
SnS is an environment-friendly material without toxic.
Secondly, the electrical conductivity of the SnS can be
easily controlled by doping with others. Thirdly, the
photoelectric conversion eﬃciency of the SnS material
is very high than others, and the optical energy band
gap of the SnS is suitable for the solar cell. Fourthly,
the optical absorption coeﬃcient of SnS is very large.
For all of these reasons, SnS is one of the most impor-
tant candidate materials for the solar cell. And yet,
the solar cell’s eﬃciency has to be increased and the
costs have to be reduced simultaneously. Nanowire
is a promising material system to realize this. Due
to the small size of nanowires, diﬀerent materials can
be more easily combined compared with bulk systems,
and more sophisticated tandem cells could be fabri-
cated. Secondly, the nanowires with long absorption
path lengths maintain short distances for carrier col-
lection/transportation. Thirdly, strong light trapping
occured in high-density nanowire arrays. At last, the
cost of nanowire solar cells may be reduced by using
cheaper fabrication methods by the fact that less of the
rare metals are being used in these nanostructured.
Crystalline tin sulﬁdes have been prepared by vari-
ous methods and most of the properties had been stud-
ied [9-12]. To our knowledge, most of them are thin
ﬁlms or nanoparticles, only a little report about prepar-
ing novel quasi-one-dimensional wire-like SnS nanos-
tructures. Single crystalline SnS nanowires were syn-
thesized using solution methods [13]. Nanorods and
nanosheets of SnS were synthesized by a novel thio-
glycolic acid assisted hydrothermal process [14]. SnS
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nanowires grown on tin foils were synthesized using
surfactant-assisted process and the growth mechanism
had been discussed also by S. K. Panda [15]. Supe-
rior rate capabilities of SnS nanosheet electrodes for
Li ion batteries had been reported in 2010 [16]. Us-
ing the template-assisted pulsed electrochemical depo-
sition, our group had successfully synthesized the SnS
nanowire arrays, and the optical properties of the syn-
thesized SnS nanowires had also been discussed [17].
In this paper, we present a simple method of produc-
ing single crystal SnS nanowires by a simple chemical
vapor deposition method. Nanostructure and optical
properties of the as-synthesized SnS nanomaterials have
been studied. And with this method, the alligned SnS
nanowire arrays can be synthesized easily with short
reaction time or lower reaction rate.
Experimental
A conventional horizontal tube furnace was used for
the synthesis. A quartz tube with an inner diameter
of 30 mm, and length of 900 mm was installed in the
furnace. Another alumina tube with an inner diame-
ter of 20 mm, and length of 600 mm was inserted into
the quartz tube. Sulfur (2 g), SnS (2 g) and the sub-
strate were loaded in the alumina tube in turn, where
the distance between the SnS powder and substrate was
about 10 cm, and the distance between the sulfur pow-
der and SnS powder was about 5 cm. The indium tin
oxide (ITO) glass substrates were cleaned in diluted HF
solution for 30 s then rinsed with deionized water. Sev-
eral drops of water-dispersed colloidal Au nanoparticles
with a nominal diameter of 10 nm were applied to the
ITO surface with a similar amount of dilute HF solu-
tion, and left dormant for 30 s. After being rinsed with
deionized water, the substrates were dried by a nitrogen
gun and placed onto the CVD system.
After the quartz tube was evacuated by a vacuum
system to about 10−3 Pa, the tube was backﬁlled with a
high-purity carrier gas of Ar, and then the temperature
of the furnace central region was increased with a rate of
50℃/min. The temperature of the central region of the
furnace was kept for 30 min within an operating tem-
perature (750℃ and 790℃), and keep the nanowires
growth region no more than 300℃, during which the Ar
ﬂow rate was 200 sccm (standard-state cubic centime-
ter per minute), and at the same time a small hydrogen
ﬂow (10 sccm) was introduced into the system. And
the temperature of the sulfur region was about 150℃.
Afterwards, the furnace was left to naturally cooling
down to room temperature. After deposition, the sub-
strate was covered with black product. These products
were characterized by X-ray diﬀraction (XRD), ﬁeld-
emission scanning electron microscopy (FE-SEM), high
resolution transmission electron microscopy (HRTEM).
Energy dispersive X-ray spectroscopy (EDS) attaching
to FE-SEM was used to analyze the elemental com-
position of the samples. In order to get the optical
characterization of all deposited ﬁlms, transmission and
reﬂectance spectra measurements at room temperature
were measured with a Shimadzu model 3101PC double-
beam spectrophotometer. The absorption coeﬃcient
(α) was calculated from T (λ) and R(λ) measurements,
as well, its dependence on the photon energy (hν) and
the optical band gap (Eg) was obtained. Photovoltaic
measurements were recorded by a Keithley 2400 digital
source meter. Solar cell performance was measured by
utilizing an Air Mass 1.5 G (AM1.5 G) solar simula-
tor with an irradiation intensity of 100 mW/cm2 under
ambient conditions.
Results and Discussion
Figure 1 shows a series of SEM and TEM images
of as-grown quasi-one-dimensional SnS nanostructures.
Figure 1(a-d) is the SEM images of SnS nanostruc-
tures deposited on gold particles-ﬁlled ITO substrate.
The sample in Fig. 1(a) grew at 790℃ for 30 min with
the Ar and H2 ﬂow rates of 200 sccm and 10 sccm,
respectively. SEM observation reveals that this sam-
ple consists of large amount of curly and uniform SnS
nanowires. Figure 1(b) was the high magniﬁcation im-
age of the Fig. 1(a), it can be found that the nanowires
are uniformly with a diameter of 50 nm and length of
several micrometers. The sample in Fig. 1(c) grew at
750℃ for 30 min with 200 sccm Ar and 10 sccm H2,
and Fig. 1(d) was the high magniﬁcation image of the
Fig. 1(c). From the Fig. 1(c) and Fig. 1(d), it can be
found that the nanowires are messily piled up and the
diameter of the nanowires changed from 10 nm to 100
nm, as the reaction temperature was 750℃. When the
reaction temperature changes to 700℃, there appears
the nanobelts and the comb-like nanostructure. This
kind of phenomenon has appeared in our work with
the ZnO nanostructure [18]. The nanostructures of the
sample which grew at 790℃ for 30 min with the Ar
and H2 ﬂow rates of 200 sccm and 10 sccm were fur-
ther studied by TEM and found to be nanowires. In
Fig. 1(e), the inset is the selected area electron diﬀrac-
tion (SAED) pattern of the nanowires, which indicates
the nanowire is single crystalline orthorhombic SnS in
structure. HRTEM was used for further insight into
the structure of the nanowires. Figure 1(f) is obtained
from HRTEM recorded on an individual nanowire and
which is acquired by enlargement of a selected area of
a single nanowire from the Fig. 1(e). It is indicated
that the SnS nanowire sample exhibits good crystalline
and continuous lattice fringes over a larger area. This
image clearly reveals that the as-synthesized nanowire
has no obvious defect of dislocation. The interplanar
spacing is 0.293 nm, which corresponds to the d (101)
spacing for the orthorhombic structure, conﬁrming the
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Fig. 1 SEM images of SnS nanostructures grown on Au particles covered ITO substrates at 790℃ (a-b) and 750℃ (c-d),
respectively. (e) and (f) are TEM images corresponding to the sample in (a). And the inset in (e) is the selected area electron
diﬀraction pattern of the nanowires. (Note: The samples were checked after the Au nanoparticles had been removed.)
crystalline nature of the produced SnS nanowires [16].
EDS attached to SEM was used to investigate the chem-
ical composition of the products. The molar ratio of Sn
and S in the sample is 48.15 and 51.85, respectively.
Therefore, the tin atom quantity is insuﬃcient in the
as-synthesized SnS nanowires.
XRD analysis shows that all the samples are or-
thorhombic SnS with lattice parameters of a = 4.36
A˚, b = 11.09 A˚ and c = 3.98 A˚. Figure 2 shows the
presentative XRD patterns of the as-prepared samples
grown at 790℃ for 30 min with the Ar and H2 ﬂow
rates of 200 sccm and 10 sccm, in which all the peaks
are indexed to orthorhombic SnS. From Fig. 2, it can
be seen that the major peak (101) is strongly domi-
nating other peaks indicating the preferred orientation.
No impurities such as SnO2 and SnS2 can be detected















Fig. 2 XRD patterns of the as-prepared SnS nanostruc-
tures corresponding to the samples in Fig. 1(a). (Note: The
samples were checked before the Au nanoparticles had been
removed.)
peaks indicate that the nanowires are highly crystalline
and consist of only a single compositional phase, and
this is corresponding to the HRTEM and SAED results.
And the growth mechanism (VLS) had been discussed
in our earlier work. [19]
In order to determine optic properties of the as pre-
pared SnS nanowires, the optic transmission (T ) spec-
trum measurements at room temperature were taken in
the wavelength range of 350–1100 nm. The optic trans-
mission spectra of the samples growing at 790℃ for 30
min with the Ar and H2 ﬂow rates of 200 sccm and 10
sccm are shown in Fig. 3. It is seen from the Fig. 3 (see
the dotted lines) that the transmission of the samples is
very low when the wavelength is in the range of 350-550
nm, and then the T (%) increases with the wavelength
increasing. The variation of reﬂection (R) spectra of the
same samples as a function of wavelengths are shown in
Fig. 3 as well (see the solid line). It is considered that
the R(%) is about 35% when the wavelength is no more
than 500 nm and it also decreased rapidly ﬁrst and then
slowly when the wavelength is more than 1000 nm. It
was well known that the transmission T through an ab-
sorbing slab is related to its reﬂectivity R, thickness d,
and absorption α by [17, 20]













Herein the thickness d of the nanowires ﬁlms is about
10 μm for the SnS nanowires ﬁlms. Therefore, the ab-
sorption coeﬃcient α can be calculated from the data
of T (λ) and R(λ). It was found that the optic absorp-
tion coeﬃcient calculated for SnS nanowires was higher
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than 105 cm−1 in the wavelength range from 400 nm to



































Fig. 3 Transmission spectra and reﬂectance spectra as a
function of wavelength for the as-prepared SnS nanowires
which grown at 790℃ for 30 min with the Ar and H2 ﬂow
rates of 200 sccm and 10 sccm, respectively. (Note: The
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Fig. 4 (a) is the dependence of absorption coeﬃcient on
photon energy and (b) is the plots of (αhv)2 vs. (hv) for
the SnS nanowires which grew at 790℃ for 30 min with the
Ar and H2 ﬂow rates of 200 sccm and 10 sccm, respectively.
(Note: The samples were checked after the Au nanoparticles
had been removed.)
To determine the energy band gap, Eg, and the type
of optical transition responsible for this intense optical
absorption, the absorption spectrum was analyzed us-
ing the equation for the near-edge absorption [2,6,17].
(αhv)n = A(hv − Eg) (3)
Where A is a constant and n characterizes the transi-
tion process. We can see n=2 and 2/3 for direct allowed
and forbidden transitions, respectively, and n=1/2 and
1/3 for indirect allowed and forbidden transitions, re-
spectively.
Figure 4(b) shows curves of (αhv)2 versus hv of the
SnS nanowires. The straight line had been made a good
ﬁt with the curve in the higher energy range above the
absorption edge, which indicates a direct optical tran-
sition near the absorption edge. From Fig. 4, the direct
energy gap Eg of the sample has been calculated as 1.46
eV, which is higher than the value of SnS bulk or ﬁlm.
The nanowires’ diameter 50 nm is far greater than the
Bohr radius, therefore, and it can be suggested the in-
creased band gap values do not exhibit quantum size
eﬀects [17,21,22]. The energy band gap at 1.46 eV de-
tected in our study may be attributed to the surface ef-
fect of the carriers in the semiconductor nanowires. The
lattice distortion inducing a smaller lattice constant or
surface lattice defects will lead to a size dependent en-
largement of the band gap, which results in a blue shift
for the absorbance onset, as observed in this work.
In order to study the photovoltaic behavior, a grating
Al electrode about 200 nm was evaporated on the SnS
nanowires ﬁlm. The current-voltage (I-V ) characteris-
tics of the SnS nanowires sandwiched between ITO and
Al contacts, in the dark and under 100 mW/cm2 AM1.5
solar illuminations are shown in Fig. 5. These mea-
surements show that the SnS nanowires act as photo-
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Fig. 5 The current–voltage (I-V ) characteristics of the SnS
nanowires sandwiched between ITO and Al contacts. (Note:
The samples were checked after the Au nanoparticles had
been removed.)
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indicating the absence of any signiﬁcant Schottky bar-
rier formed at the nanowires/electrode interface. This
result indicated that the rectifying behavior was not
coming from the interface contacts, or the rectifying
behavior between the nanowires/electrode interfaces is
very weak and can be ignored. So, the p-n junction
photovoltaic cells with homojunction or heterojunction
are ongoing.
Conclusion
The low-toxicity SnS nanowire arrays have been suc-
cessfully synthesized using the catalyst-assistant chem-
ical vapor deposition methods. SEM and FE-SEM re-
sults indicated the diameter and morphology changed
with the preparation conditions. And the best condi-
tion to obtain nanowire is keeping the reaction tem-
perature at 790℃. With the temperature decreasing,
two dimensional nanostructure would appeared. The
as-prepared SnS nanowires have a diameter of about
50 nm and length up to several micrometer or longer.
The SAED shows the product is a single crystalline
structure. The XRD pattern indicates the nanowires
are composed of SnS phase and have a highly prefer-
ential (101) orientation. According to the transmis-
sion spectra and the reﬂection spectra, we can calculate
the properties of synthesized SnS nanowires which ex-
hibit strong absorption in the visible and near-infrared
spectral region. The direct energy gap Eg of the SnS
nanowires has been calculated as 1.46 eV, and the ex-
perimental optical band gap value is the evidence for
the lattice distortion of the SnS nanowires. Other prop-
erties of the SnS nanowires will be coming up and
the SnS combined nanodevice will be studied rapidly.
The current–voltage (I-V ) characteristics of the SnS
nanowires sandwiched between ITO and Al contacts
have also been studied.
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